A variety of serological methods for determining smallpox antibody titers in human sera are used in clinical laboratories, but each of the methods has characteristic shortcomings. Hemagglutination inhibition (HI) tests frequently give false-positive results with certain human and wild-animal sera, complement fixation (CF) tests usually fail to detect low antibody levels during early immune response, and neutralization tests by plaque reduction involve tedious plaque or pock enumeration. Radioimmunoassay (RIA) methods may offer an improved alternate method; however, a practical RIA method for measuring smallpox antibodies in human sera has not been established.
A variety of serological methods for determining smallpox antibody titers in human sera are used in clinical laboratories, but each of the methods has characteristic shortcomings. Hemagglutination inhibition (HI) tests frequently give false-positive results with certain human and wild-animal sera, complement fixation (CF) tests usually fail to detect low antibody levels during early immune response, and neutralization tests by plaque reduction involve tedious plaque or pock enumeration. Radioimmunoassay (RIA) methods may offer an improved alternate method; however, a practical RIA method for measuring smallpox antibodies in human sera has not been established.
The indirect solid phase RIA methods described by Hutchinson and Ziegler (10) and Rosenthal et al. (14) in which antigen preparations are affixed to planar glass or polymeric surfaces, offer a technically facile procedure. The methods satisfactorily measured antibody in potent antisera of hyperimmunized animals, and in this report provide the basis for development of a practical RIA method for determining smallpox antibodies in human sera. These RIA procedures were adapted for detecting antibodies in humans who were either naturally infected with variola virus or were immunized by vaccination. The RIA titers of the patients were compared with the titers obtained by CF, HI, and plaque-reduction neutralization (PRN) tests.
The RIA procedure used in this study is an operationally simple procedure. The antigen is affixed to planar surfaces; thus unbound antisera of both the primary and secondary antigenantibody reactions are easily separated from the bound antisera by rinsing. The reaction of radioisotope-labeled antiglobulin with the primary antigen-antibody complex-provides a measure of antibody in the serum specimens. Furthermore, the use of radionuclides in immunoassays affords a more definite expression of end-point titers than conventional serological assays, and RIA methods are potentially more readily adaptable to automation. Because of these considerations, the RIA determination is recommended as a routine diagnostic tool. Human antisera. One or more serial serum specimens were obtained from 11 clinically diagnosed and virologically confirmed smallpox patients from Bangladesh, 1972. Seven of these patients stated that they had never been vaccinated. Four of the patients thought that they might have been vaccinated, however there was no evidence of scars or other indications of "takes." The day of onset of prodromal fever (> 102 F [38.7 C] ) and the day of onset of rash was ascertained by interview. In addition to sera from smallpox patients, sequential serum specimens were obtained from eight persons who were immunized with vaccinia virus. Seven of these persons had been vaccinated previously, however, one person, vaccinee no. 8, did not have a record of previous vaccination. Aliquots of each serum were prepared and stored at -20 C.
MATERIALS AND METHODS
Guinea pig anti-human globulin. Sodium sulfateprecipitated guinea pig anti-human globulin was iodinated by the chloramine-T procedure of Greenwood et al. (6) as described previously (9) . The only alteration in the procedures was an increase in the concentration of 125iodine (Na125I) to 1,000 ,Ci per mg of protein.
RIA procedure. The RIA procedure used in this study was an adaptation of those described by Rosenthal et al. (14) and Hutchinson and Ziegler (10) . The human sera were serially diluted in a diluent consisting of 10% fetal calf serum in PBS. Duplicate aliquots (0.025 ml) of each serum dilution were added to wells of microtiter antigen plates containing both virusinfected and uninfected RK-13 cells. As controls, diluent was added to duplicate wells of virus-infected cells. The microtiter antigen plates containing the antibody dilutions were incubated at 37 C for 1.5 h. After incubation, the serum dilutions were removed from the wells, and the plates were rinsed five times with PBS.
The use of appropriate concentrations of 1251-indicator globulin was shown by Hutchinson and Ziegler (9) to be necessary to distinguish antisera of different potencies. Hence, the optimal concentration of each lot of antiglobulin must be determined. The optimal amount of the 1251-labeled guinea pig antihuman globulin used in these studies was 0.65 gg of protein per well of the microtiter plate. Dilutions of the antiglobulin were adjusted to contain this amount in the 0.025-ml aliquots added to each well. The plates were again incubated at 37 C for 2 h. After incubation, the excess 1251-labeled globulin was removed from the wells and the plates were rinsed five times with PBS, dehydrated with one rinse of 95% ethanol, and air-dried. The wells were clipped from the plates into scintillation vials and counted in a gamma scintillation spectrometer.
Serological procedures. The CF titers were determined for all sera by the Laboratory Branch Complement Fixation procedure (1). The HI titers were determined for all sera by using the procedure described by Hierholzer and Suggs (7) peared to be somewhat more sensitive than the PRN method. This is shown by comparing the titers obtained with the sera of vaccinee no. 8 (Table 3) . PRN failed to detect vaccinia antibodies, whereas RIA revealed the appearance of antibodies on day 4 after vaccination and an increased titer by day 14. In spite of these differences, the RIA and PRN titers were the same for 24 positive specimens and for 2 negative specimens. Thus, there was agreement between the two methods with 26 of the 30 specimens or 87%.
Reproducibility. The reproducibility of the titers obtained by the RIA procedure was determined with replicate serum titrations in a single experiment and in successive experiments. The same antiserum was used in all trials. The antiserum was diluted serially, and aliquots of each dilution were added to eight replicates of both infected and uninfected RK-13 cells. After the adsorbed radioactivity was counted, the eight replicate results for each dilution were randomized, and eight separate titration curves were plotted. Separate end-point titers were determined graphically for each of the curves. The results ( Most conventional serological assays yield results as end-point dilutions in terms of geometric incremental values arbitrarily selected for the dilution of the serum specimen. The proposed RIA procedure offers an alternate method involving interpolation which may overcome some of the deficiencies of conventional serological methods. In this report we have described an indirect RIA procedure which is operationally facile and yields definitive analytical results.
Conventional serological procedures (CF, HI, and PRN) appear to have different sensitivities which are characteristic of each procedure (4, 11, 13) . Furthermore, the temporal and quantitative immune response of the patient may reflect the choice of the serological procedure. The HI antibodies appear soon after infection and diminish with time, whereas the CF antibodies appear later in the course of infectiorn. The concentration of the CF antibodies indreases and then may disappear entirely after vaccination. Secondary antigenic stimulation byyvaccination may not produce a secondary rise in CF titer, and usually the response is minimal. Similarly, HI titers produced in response to secondary stimulation are somewhat variable. In contrast, neutralizing titers usually increase in response to secondary antigenic stimuli and persist for long periods after vaccination or infection (11) . Thus, of the conventional serological procedures, the preferred method for detecting vaccinia or variola antibodies is a neutralization test.
In most neutralization tests either embryonated chicken eggs or tissue culture host systems are used; these tests are technically more difficult than CF or HI procedures. Therefore, radioimmunological procedures may pos- sess advantageous characteristics which will make some form of RIA a satisfactory alternate serological procedure. The simultaneous testing of serial serum specimens from patients with active smallpox and from vaccinees by four different serological procedures, CF, HI, PRN, and RIA, clearly showed the usefulness of RIA. The CF and HI antibodies appeared in the sera of most of the smallpox patients in a temporal sequence which suggested a primary immune response. In these sera PRN titers were absent in all but two of the specimens (Table 2 ). On the other hand the RIA titers in the same serially obtained sera were remarkably uniform and showed progressive increases in titer for most of the patients.
The failure to demonstrate in the smallpox patients a comparable immune response by the plaque neutralization test was unexpected and prompted us to investigate the response in persons who were vaccinated. All persons with low or negative vaccinia antibody titers on the day of immunization responded with increased titers. The titers as measured by RIA and PRN were similar except for one individual (no. 8) who failed to develop a PRN titer ( RIA will be especially advantageous for diagnostic laboratories which test large numbers of serological specimens. However, adoption of the procedure will be contingent upon the availability of a gamma scintillation spectrometer. In spite of this requirement the proposed RIA method is operationally simple, yet the radioactive labeling provides objective and quantitative determination of end-point titers. The RIA procedure can be used for the determination of antibodies to numerous infectious agents, and it can also be adapted for automated procedures. In its present form it is less time consuming than most neutralization tests and eliminates the need for trained observers to visually judge titration end points. 
